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The volume and type of trafﬁc and exposure to air pollution have been found to be associated with
respiratory health, but few studies have considered the interaction with socioeconomic status at the
household level. We investigated the relationships of respiratory health related to trafﬁc type, trafﬁc
volume, and air pollution, stratifying by socioeconomic status, based on household income and educa-
tion, in 3591 schoolchildren in Windsor, Canada. Interquartile range changes in trafﬁc exposure and
pollutant levels were linked to respiratory symptoms and objective measures of lung function using
generalised linear models for three levels of income and education. In 95% of the relationships among all
cases, the odds ratios for reported respiratory symptoms (a decrease in measured lung function), based
on an interquartile range change in trafﬁc exposure or pollutant, were greater in the lower income/
education groups than the higher, although the odds ratios were in most cases not signiﬁcant. However,
in up to 62% of the cases, the differences between high and low socioeconomic groups were statistically
signiﬁcant, thus indicating socioeconomic status (SES) as a signiﬁcant effect modiﬁer. Our ﬁndings
indicate that children from lower socioeconomic households have a higher risk of speciﬁc respiratory
health problems (chest congestion, wheezing) due to trafﬁc volume and air pollution exposure.
Crown Copyright © 2016 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Urban air pollution exposure is associated with increased res-
piratory health effects (Brugha and Grigg, 2014). Trafﬁc-related air
pollution speciﬁcally has been linked to adverse respiratory health
outcomes, and living near major roadways is associated with
increased respiratory illness (Kim et al., 2004; Urman et al., 2014).
The city of Windsor, Ontario, is located on the USA-Canada
border with the Ambassador Bridge linking the cities of Detroit
and Windsor. It is the busiest international crossing between the
two countries, and residents are affected by trans-boundary air
quality issues due to the high density of trafﬁc crossing from largeillion (ppb), SO2; sulphur di-
with a median aerodynamic
sabit.cakmak@hc-sc.gc.ca
vier Ltd. This is an open access artitrucks, cars, and commercial vehicles. A land use regression (LUR)
study (Wheeler et al., 2008) to predict seasonal multiple-source
pollutant concentrations of NO2, SO2 and volatile organic com-
pounds indicated that concentrations increased in the city with
proximity to the international border, with strong inter-pollutant
correlations. These LUR models were applied in later studies to
assess chronic air pollution exposure in schoolchildren (Cakmak
et al., 2012; Dales et al., 2009, 2008).
Children are also more vulnerable to the negative health effects
of ambient air pollution exposure (e.g., Confalonieri et al., 2007;
Islam et al., 2007; Kovats and Hajat, 2008; O'Neill and Ebi, 2009).
An increased breathing rate relative to body size, and an under-
developed respiratory tract results in this heightened sensitivity,
which also acts in combination with the harmful effects of high
temperature (Karl et al., 2009). Many recent studies have examined
the relationship between air quality and asthma in children (e.g.,
Barnett et al., 2005; Liu et al., 2009; To et al., 2013; Weinmayr et al.,
2010), as asthma is a serious health and widespread chronic disease
among children (Bryant-Stephens, 2009).cle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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factors (Burra et al., 2009), for example, living in communities
with lower household income and education levels has been shown
to be associated with increased vulnerability to air pollution
(Cakmak et al., 2007). Increased mortality in Hamilton, Ontario was
associated with air pollution exposure, with low educational
attainment and high manufacturing employment positively modi-
fying the association, thus representing a proxy for poorer socio-
economic conditions (Jerrett et al., 2004). However, questions
surrounding modifying effects of education and income that are
linked to air pollution exposure are largely unanswered in the ﬁeld
and a closer look at household level, rather than neighbourhood
level, analysis is required to tease apart inﬂuential variables. Trafﬁc
density, socioeconomic status, and air pollution are associated with
increases in mortality and respiratory illness, and living near major
roadways is related to increases in respiratory illness and asthma in
children (Dockery, 2002; McConnell et al., 2006). Concerns
regarding the disparities in air pollution exposure among differing
socioeconomic groups are an important focus of the environmental
justice movement. For example, Foster and Fostert (1998) and
Grineski et al. (2007) found that controlling for socioeconomics,
indoor hazards, and industry allowed for the identiﬁcation of ozone
as the strongest predictor of asthma hospitalizations in Phoenix,
Arizona. In Hamilton, Ontario, Buzzelli and Jerrett (2003) found
that large differences appeared in relation to changing industrial
structure, which were similar to results in the United States (Clark
et al., 2014; Grineski et al., 2007; Pope, 2014). These ﬁndings and
others indicate a continental, intra-urban environmental injustice
as experienced by low income, vulnerable populations from
exposure to higher levels of air pollution (Buzzelli and Jerrett,
2003).
In this study, we linked information concerning both local
roadways and air pollution to respiratory health among elementary
school children inWindsor, Canada. We used land use regression to
derive estimates of pollutant exposures resolved to the level of each
subject's postal code, and trafﬁc density parameters, as these can
better capture the complex nature of trafﬁc pollution than can a
single pollution measurement (Cakmak et al., 2012). From this, we
used a cross-sectional analysis to test the hypothesis that indicators
of socioeconomic status, such as income and education, modify the
respiratory health effects of gaseous and particulate air pollution, as
well as the effect of roadway or trafﬁc density on children's respi-
ratory health.
2. Methods
2.1. Study population
As in Cakmak et al. (2012), the study included childrenwith and
without asthma in grades 4e6 in theWindsor public school system.
An estimated 7200 childrenwere approached for inclusion in 2005,
with 2328 participating. Family socio-economic status and medical
history information were collected from the Windsor Children's
Respiratory Health Study questionnaires (Dales et al., 2009).
Participation was not mandatory and approval was obtained from
the Research Ethics Committee of Health Canada. The parents of the
children reported onwhether their child had a respiratory infection
in the past week, their place of residence, postal code, child asthma
medication use, smoking in the home, and the presence of pets.
2.2. Exposure to trafﬁc
The volume and type of trafﬁc were collected for roadways in
the vicinity of the subject's home in 2005 by a trained observer
using an electronic counter within the city of Windsor's PublicWorks Department and Geomatics Division. See Cakmak et al.
(2012) for a detailed description. The Turning Movement Count
(TMC) is the volume of trafﬁc on a roadway segment, separated into
two time intervals: 0700e1000 h, 0700e1800 h, and by all vehicles
or truck only. Totals were counted for both vehicles and large
trucks. The counts were determined by the volume and direction of
trafﬁc entering or leaving the segment of roadway at adjacent
intersections.
The distance of the child's home to various types of roadways
was determined by creating a 200 m radius around each child's
postal code address, centered on the given postal code, which has a
resolution of approximately 30 detached homes on the same side of
the street or one apartment building. This radius was chosen as
trafﬁc-related pollutants (i.e., nitrogen oxides, carbon monoxide,
volatile organic compounds) peak close to roadways and fall to
background levels approximately 200 m from the pollutant source
(Gilbert et al., 2003). Exposure to trafﬁc-related air pollution was
calculated as the sum of the trafﬁc counts on all roadways within
this boundary.
2.3. Air pollution
Yearly city-wide levels of air pollution for 2005 were estimated
by averaging measurements from two ﬁxed monitors within the
city for hourly ﬁne particulate matter (PM2.5, mm m¡3), nitrogen
dioxide (NO2, ppb), and sulphur dioxide (SO2, ppb), obtained from
Environment Canada's National Air Pollution Monitoring System
(NAPS) and resolved to the participant's neighborhood using a land
use regression model (see Dales et al., 2008 for a full description of
the method). The model was developed using road network data,
population and dwelling counts, industrial point sources, distance
to the Ambassador Bridge, and population density.
2.4. Lung function
As detailed in Cakmak et al. (2012): shortly after the adminis-
tration of the questionnaire in 2005, pulmonary function testing
was performed once for each child at the school by certiﬁed res-
piratory health therapists using KoKo Spirometers™ (Ferraris
CardioRespiratory, Pulmonary Data Services Inc., Louisville, CO),
with the results adjusted for temperature, barometric pressure, age,
height, and gender (Polgar and Promadhat, 1971). A maximum of
eight FVC maneuvers were carried out in an attempt to achieve
three acceptable ﬂow-volume loops, with two being within 200 mL
for FVC and FEV1. The value assigned to the participant was the
largest acceptable value within 200 mL of a second value. Increased
exhaled nitric oxide (eNO) was measured prior to spirometry with
single-breath-on-line measures of eNO with an Eco Physics CLD AL
MED chemiluminescence analyzer (Eco Medics AG, Duernten,
Switzerland).
2.5. Respiratory symptoms
Respiratory symptoms were self-reported in response to the
following questions: “Does he/she usually have a cough apart from
colds?,” “Does this child's chest ever sound wheezy or whistling?,”
“Has this child ever had an attack of wheezing that has caused him/
her to be short of breath?,” “Within the past year has this child had
a chest illness that kept him or her at home for three consecutive
days or more?” and “Has a physician ever told you this child had
asthma, and does he or she still have it?” Statistical analyses were
completed for each symptom alone (Cold Cough, Asthma, Wheeze
with Dyspnoea, Wheeze, Chest Congestion, Chest Illness), as well as
for any occurrence of respiratory symptoms other than those
mentioned.
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Subjects were categorised into three parental/family income
levels based on questionnaire responses: <$35,000,
$35,000e80,000 and >$80,000; and into three parental/family
education levels: less than high school, high school or community
college, and university or higher.
2.7. Statistical analysis
Generalised Linear Mixed Models were used to test the associ-
ation between trafﬁc exposures and reported respiratory symp-
toms or lung function within each socioeconomic group. Assuming
that the reported health status of the students was not independent
within the same postal code, each postal code was taken as a
random effect. Results were adjusted for race (Caucasian versus
other), smokers at home, pets at home, acute respiratory illness
(cold/bronchitis/pneumonia) in the preceding two weeks, any
medication for wheezing/asthma in the preceding two weeks,
percent of immigrants in census subdivision, and latitude and
longitude of postal code representative point.
All main effects and ﬁrst order interaction products were
considered. If The Wald Chi-Square statistic p-value was less than
0.10 for a main effect or interaction product, it was retained. The
ﬁnal model contained the selected variables and covariates if they
were signiﬁcant at p < 0.05 or if they confounded the exposure-
outcome relationship (i.e. a change of 10% in the coefﬁcient for
exposure). We then stratiﬁed the analysis by income and education.
The ﬁnal model variables were race (Caucasian versus other),
smokers at home, pets at home, acute respiratory illness (cold/
bronchitis/pneumonia) in the preceding two weeks, and any
medication for wheezing/asthma in the preceding 2 weeks. These
were selected on the whole sample and used in the subset analysis.
To test the sensitivity of the model, we examined reported
respiratory symptoms “cough without cold”, “chest congestion”
and any reported symptom for trafﬁc count parameters by educa-
tion level with and without subjects with current asthma. There
were no signiﬁcant differences between the results.
In order to test the differences between high and low SES, we ﬁt
a full model with main effects and an interaction between air
pollution and indicator variables for each of the income and edu-
cation variables, deﬁning lowest income and lowest education as
the reference groups, respectively. The p values for the interaction
terms of air pollution and high SES groups are used to test whether
the air pollution effect in the high education and high income
groups were signiﬁcantly different to the low education and low
income groups, respectively. If the corresponding p value was less
than 0.05, the air pollution effect was considered to be signiﬁcantly
different.
All data management and regression modeling were completed
in SPLUS Version 6.2. For continuous exposure, the results were
expressed as odds ratios (ORs) and 95 percent conﬁdence intervals
(CI) for an interquartile range increase in trafﬁc (STC and TMC) or
air pollutant exposure.Table 1
Number of subjects reporting respiratory illness by income and education level.
Cough without cold Chest congestion Current as
Income <$35,000 143 98 65
$35e80,000 365 285 203
>$80,000 293 164 139
Education <High school (HS) 449 319 237
HS/college 194 131 85
Universityþ 118 97 85
Total 801 547 4073. Results
3.1. Study population
Trafﬁc exposure data was available for 2328 students, of which
1570 also had questionnaire data available. A total of 1528 had
spirometry results and trafﬁc count data, and of these, 1058 had
exhaled nitric oxide results. Of these, the mean age of the children
was eleven years of age, approximately half were male, and three-
quarters were Caucasian. Just over half lived with pets at home,
with 26.2% reporting at least one smoker in the home, and 0.2% of
the children smoked. A total of 276 had a patient-reported history
of asthma.
The largest groups reporting respiratory symptoms were fam-
ilies with high school education or less (1988 subjects), and families
with $35,000e80,000 in income. A detailed breakdown of the
number of subjects reporting respiratory illness by income and
education level is presented in Table 1.
Truck turning movement counts ranged from 726 (±24) in
families with a high school education or less to 930 (±32) for uni-
versity educated families (Table 2). Turning movement counts from
0700 to 1800 were highest for families earning less than $35,000
and for University educated families. Pollutant exposures did not
vary greatly across the different socioeconomic groups (Table 2).
Turning movement counts between 0700 and 1800 h were better
correlated with morning turning movement counts (0.75) than
with truck turning movement counts (0.68).
A full model including the main effects and an interaction term
between air pollution and indicator variables for each of income
and education variables, with the lowest income and lowest edu-
cation deﬁned as the reference groups respectively, were ﬁt. The
observed small p values (p < 0.05) for interaction terms of air
pollution and high SES groups in these models indicated that the
effect of air pollution in high education and high income was
signiﬁcantly different from low education and low income,
respectively. Those signiﬁcant differences are indicated by asterisk
(*) through Tables 3e6. The interaction terms between the factors
other than SES and air pollution were not signiﬁcant (p > 0.05).
3.2. Associations between trafﬁc parameters and respiratory
symptoms
The odds ratios (ORs) between reported trafﬁc exposure pa-
rameters and respiratory symptoms were higher in the lower in-
come level than in the highest income level (Table 3) for the
majority of cases, and the difference between the two levels was
signiﬁcant for 43% of the results; however, the ORs were not sta-
tistically signiﬁcant based on the income stratiﬁcation. The highest
odds ratios were observed for the lowest income level for chest
congestion (OR ¼ 1.18, 95% CI 0.96, 1.44) and cough without cold
(OR ¼ 1.14, 95% CI 0.99, 1.33) at an IQR range increase in truck
turning movement counts. When compared to the highest income
level, the lowest level showed 11% and 17% greater increases in
odds of the given symptom (chest congestion and cough withoutthma Wheeze with dyspnea Wheeze Chest illness Any symptom Total
79 171 98 264 586
242 534 285 787 1782
131 296 164 500 1223
137 574 319 863 1988
187 232 131 389 959
128 195 97 299 644
452 1001 547 1551 3591
Table 2
Mean (and standard error) trafﬁc counts and pollutant exposures by income and education level.
All <$35,000 $35e80,000 >$80,000 <High school (HS) HS/college Universityþ
Trafﬁc Turning movement counts 0700e1000 1777 (±38) 1947 (±40) 1693 (±38) 1819 (±37) 1703 (±37) 1811 (±40) 1956 (±40)
Truck turning movement counts
0700e1800
800 (±28) 852 (±26) 791 (±30) 790 (±24) 726 (±24) 867 (±30) 930 (±32)
Turning movement counts 0700e1800 27,069 (±623) 31,378 (±677) 25,029 (±602) 27,978 (±622) 26,345 (±605) 26,159 (±621) 30,660 (±673)
Pollutant NO2 11.6 (0.03) 12.1 (0.04) 11.3 (0.02) 11.6 (0.03) 11.4 (0.02) 11.4 (0.03) 11.8 (0.03)
SO2 5.34 (0.01) 5.57 (0.01) 5.23 (0.01) 5.35 (0.01) 5.3 (0.01) 5.2 (0.01) 5.4 (0.01)
PM2.5 15.6 (0.02) 15.7 (0.02) 15.6 (0.01) 15.6 (0.01) 15.6 (0.01) 15.6 (0.02) 15.7 (0.02)
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ORs for self-reported asthma and the presence of any symptom
decreased with income for all trafﬁc count parameters, but was not
statistically signiﬁcant.
By education level, trafﬁc exposures were associated with
higher ORs for the less educated families compared to those with
higher education levels in almost all cases (Table 3), and the dif-
ference between the two education level was signiﬁcant for 33% of
the results. Statistically signiﬁcant ORs for chest congestion were
observed in subjects with High School (HS)/college education with
an IQR increase in morning turning movement counts (OR ¼ 1.21,
95% CI 1.01, 1.45), which was 31% higher than those with a Uni-
versity education. Statistically signiﬁcant increases in ORs for chest
congestion were also observed for an IQR increase in truck turning
movement counts for subjects with less than high school education
(OR ¼ 1.17, 95% CI 1.01, 1.36) and HS/college education (OR ¼ 1.32,
95% CI 1.06, 1.64), as well as full day turning movement counts in
households with less than a high school education (OR ¼ 1.12, 95%
CI 1.0, 1.26). For self-reported wheezing, the lowest education level
demonstrated statistically signiﬁcant ORs for turning movement
counts from 0700 to 1000 h (OR ¼ 1.10, 95% CI 1.01, 1.20). An IQR
increase in truck turning movement counts was signiﬁcantly
associated with an 18% increase in the OR for any respiratory
symptom, but only for the children of parents with HS/college level
education.
3.3. Associations between pollution exposure and respiratory
symptoms
Odds ratios results between estimated levels of separate airTable 3
Odds ratios with 95% conﬁdence intervals (CI) based on interquartile range (IQR) changes
symptoms or disorders within 1570Windsor public school students 9e11 years old, by thr
one statistically signiﬁcant result, where either the 95th percentile conﬁdence intervals e
shown. Thus, most of the results for $35e80,000 income group, and HS/college educatio
SES Cough without cold Chest congestio
Turning movement
counts 0700e1000 h
(IQR ¼ 2047.00)
Income
<$35,000 1.10 (0.97, 1.24) 1.07 (0.91, 1.26
>$80,000 1.07 (0.91, 1.26) 1.05 (0.84, 1.31
Education
<High school (HS) 1.07 (0.97, 1.17) 1.13 (1.01, 1.26
Universityþ 0.91 (0.78, 1.05) 0.88 (0.75, 1.05
Truck turning movement
counts between
0700 and 1800 h
(IQR ¼ 678.00)
Income
<$35,000 1.14 (0.99, 1.33)* 1.18 (0.96, 1.44
>$80,000 0.97 (0.79, 1.2)* 1.07 (0.82, 1.41
Education
<High school (HS) 1.08 (0.96, 1.21)* 1.17 (1.01, 1.36
Universityþ 0.9 (0.75, 1.08)* 0.91 (0.72, 1.15
Turning movement
counts between
0700 and 1800 h
(IQR ¼ 18,092.25)
Income
<$35,000 1.09 (0.98, 1.22) 1.14 (0.91, 1.43
>$80,000 1.01 (0.87, 1.19) 0.98 (0.85, 1.13
Education
<High school (HS) 1.08 (0.99, 1.18)* 1.12 (1.00, 1.26
Universityþ 0.89 (0.77, 1.02)* 0.87 (0.73, 1.04
*Odds ratios signiﬁcantly different between the high and low socioeconomic levels.
Bolded values indicate statistical signiﬁcance.pollution exposure to PM2.5, NO2, and SO2 and respiratory symp-
toms are stratiﬁed into three income levels in Table 4. For all res-
piratory symptoms excluding cough without cold, the OR at the
lowest income level was greater than at the highest income level
for all three pollutants. For an IQR change in NO2, signiﬁcant as-
sociations were found with wheeze with dyspnea and chest illness.
Wheeze with dyspnea was statistically signiﬁcant at the lowest
(OR ¼ 1.53, 95% CI 1.11, 2.11), and intermediate (OR ¼ 1.42, 95% CI
1.20, 1.96) income levels. The OR of chest illness was similar and
statistically signiﬁcant at both the lowest (OR ¼ 1.51, 95% CI 1.06,
2.14) and intermediate (OR ¼ 1.39, 95% CI: 1.05, 1.84) income levels.
For all remaining results, the results were not statistically signiﬁ-
cant, although the difference between the highest and lowest in-
come levels was signiﬁcant in 52% of the cases.
When stratiﬁed by education level (Table 4), ORs for all respi-
ratory conditions due to exposure to the three air pollutants were
higher at the lowest compared to the highest education levels, and
this difference was signiﬁcant for 62% of the results. The OR was
signiﬁcant for chest congestion in households with parents
obtaining less than high school education for all three pollutants:
PM2.5, OR ¼ 1.12 (95% CI 1.00, 1.26); SO2, OR ¼ 1.12 (95% CI 1.00,
1.25), and NO2, OR ¼ 1.37 (95% CI 1.02, 1.83).
3.4. Associations between trafﬁc exposure and lung function
The percent changes in lung function for an IQR change in trafﬁc
exposure, by income, were frequently below 0 (see Table 5). Overall,
the change for the lowest income level was lower than that for the
higher income level. Decrements in FEV1 in the lowest income
levels were signiﬁcant for turning movement counts between 0700between trafﬁc count parameters within 200 m of the neighborhood and respiratory
ee income levels and three education levels. Only respiratory symptoms with at least
xclude 1 or the ORs are signiﬁcantly different from the low socioeconomic level, are
n group with most of respiratory symptoms are not shown.
n Current asthma Wheeze Chest illness Any symptom
) 1.14 (0.92, 1.41)* 1.05 (0.89, 1.23) 1.11 (0.93, 1.33) 1.11 (0.96, 1.29)*
) 1.01 (0.88, 1.16)* 1.07 (0.94, 1.2) 1.06 (0.91, 1.23) 1.01 (0.91, 1.12)*
)* 1.04 (0.94, 1.15) 1.10 (1.01, 1.20) 1.08 (0.97, 1.2) 1.07 (0.99, 1.16)*
)* 1.01 (0.86, 1.18) 1.04 (0.90, 1.20) 1.05 (0.88, 1.26) 0.94 (0.82, 1.09)*
)* 1.09 (0.85, 1.41) 1.08 (0.88, 1.31) 1.07 (0.89, 1.29) 1.13 (0.95, 1.36)*
)* 1.08 (0.90, 1.3) 1.10 (0.95, 1.27) 1.07 (0.92, 1.23) 1.04 (0.91, 1.17)*
)* 1.10 (0.91, 1.33) 1.11 (0.99, 1.23) 1.11 (0.97, 1.26) 1.08 (0.98, 1.19)*
)* 0.97 (0.85, 1.11) 1.04 (0.88, 1.24) 1.04 (0.84, 1.29) 0.94 (0.8, 1.12)*
)* 1.09 (0.92, 1.31) 1.09 (0.93, 1.27)* 1.11 (0.93, 1.33)* 1.13 (0.98, 1.3)*
)* 1.02 (0.89, 1.17) 0.96 (0.86, 1.07)* 1.00 (0.87, 1.14)* 1.00 (0.91, 1.1)*
)* 1.02 (0.91, 1.14) 1.07 (0.99, 1.16)* 1.08 (0.98, 1.2) 1.07 (0.99, 1.15)*
)* 0.95 (0.84, 1.08) 0.9 (0.79, 1.03)* 1.02 (0.86, 1.2) 0.85 (0.75, 0.97)*
Table 4
The odds ratios (95% conﬁdence intervals) between pollutants and respiratory symptoms or disorders among 1570 Windsor public school students 9e11 years old, by three
income levels and three education levels. . Only respiratory symptoms with at least one statistically signiﬁcant result, where either the 95th percentile conﬁdence intervals
exclude 1 or the ORs are signiﬁcantly different from the low socioeconomic level, are shown. Thus, most of the results for $35e80,000 income group, and HS/college education
group with most of respiratory symptoms are not shown.
SES Cough without cold Chest congestion Current asthma Wheeze with dyspnea Wheeze Chest illness Any symptom
PM2.5
(IQR ¼ 1.33)
Income
<$35,000 1.01 (0.87, 1.19) 1.14 (0.91, 1.43)* 1.08 (0.79, 1.48) 1.26 (0.89, 1.78)* 1.09 (0.93, 1.27)* 1.15 (0.80, 1.65)* 1.13 (0.98, 1.3)*
>$80,000 1.09 (0.98, 1.22) 0.98 (0.85, 1.13)* 1.02 (0.89, 1.17) 0.97 (0.83, 1.12)* 0.96 (0.86, 1.07)* 1.00 (0.87, 1.14)* 1.0 (0.91, 1.1)*
Education
<High school (HS) 1.08 (0.99, 1.18)* 1.12 (1, 1.26)* 1.02 (0.91, 1.14)* 1.16 (0.89, 1.51)* 1.07 (0.99, 1.16)* 1.08 (0.98, 1.2) 1.07 (0.99, 1.15)*
Universityþ 0.89 (0.77, 1.02)* 0.87 (0.73, 1.04)* 0.67 (0.43, 1.05)* 0.99 (0.83, 1.19)* 0.9 (0.79, 1.03)* 1.02 (0.86, 1.2) 0.85 (0.75, 0.97)*
SO2
(IQR ¼ 0.92)
Income
<$35,000 0.99 (0.85, 1.14) 1.12 (0.9, 1.39)* 1.04 (0.77, 1.42) 1.21 (0.81, 1.80)* 1.05 (0.9, 1.23) 1.18 (0.79, 1.76)* 1.07 (0.94, 1.23)
>$80,000 1.07 (0.96, 1.19) 1.0 (0.86, 1.15)* 1.03 (0.9, 1.18) 1.02 (0.89, 1.17)* 1.00 (0.9, 1.10) 1.01 (0.50, 2.05)* 1.01 (0.92, 1.1)
Education
<High school (HS) 1.05 (0.96, 1.13)* 1.12 (1, 1.25)* 1.04 (0.94, 1.15) 1.06 (0.73, 1.53) 1.06 (0.98, 1.14)* 1.07 (0.98, 1.17) 1.04 (0.97, 1.11)*
Universityþ 0.88 (0.77, 1)* 0.88 (0.74, 1.04)* 0.84 (0.57, 1.24) 1.00 (0.85, 1.18) 0.88 (0.77, 1.00)* 1.0 (0.86, 1.17) 0.84 (0.74, 0.96)*
NO2
(IQR ¼ 2.27)
Income
<$35,000 0.97 (0.84, 1.13) 1.07 (0.87, 1.33) 1.16 (0.79, 1.69)* 1.53 (1.11, 2.11)* 1.05 (0.90, 1.23) 1.51 (1.06, 2.14)* 1.07 (0.93, 1.23)
$35e80,000 0.98 (0.90, 1.06) 1.06 (0.95, 1.18) 0.99 (0.71, 1.34) 1.42 (1.30, 1.96) 1.03 (0.95, 1.10) 1.39 (1.05, 1.84) 1.0 (0.93, 1.07)
>$80,000 1.08 (0.97, 1.2) 0.99 (0.86, 1.14) 1.02 (0.89, 1.18)* 1.00 (0.87, 1.15)* 0.99 (0.90, 1.10) 1.03 (0.91, 1.17)* 1.01 (0.93, 1.1)
Education
<High school (HS) 1.05 (0.96, 1.14)* 1.37 (1.02, 1.83)* 1.03 (0.93, 1.15) 1.01 (0.92, 1.12) 1.06 (0.98, 1.14) 1.06 (0.97, 1.17) 1.04 (0.97, 1.11)*
Universityþ 0.88 (0.77, 1)* 0.85 (0.71, 1.01)* 0.94 (0.68, 1.30) 0.98 (0.84, 1.16) 0.87 (0.77, 1.00) 1.01 (0.86, 1.18) 0.84 (0.74, 0.96)*
*Odds ratios signiﬁcantly different between the high and low socioeconomic levels.
Bolded values indicate statistical signiﬁcance.
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movement counts between 0700 and 1800 h (3.75%, 95%
CI: 5.57, 1.92). Similarly, for FVC, the decline was signiﬁcant for
the lowest income level for turning movement counts between
0700 and 1000 h (2.97%, 95% CI: 4.06, 1.88), and truck turning
movement counts between 0700 and 1800 h (3.62%, 95%
CI: 6.85, 0.39). For increased exhaled nitric oxide, the decline
was signiﬁcant for the medium income level for turning movement
counts between 0700 and 1000 h (4.6%, 95% CI: 7.58, 1.63).
Differences between the high and low income levels were signiﬁ-
cant for FVC for all trafﬁc counts, and for FEV for all but the truck
turning movement counts.Table 5
The percentage change in respiratory function for an interquartile range change in trafﬁc c
Only respiratory function with at least one statistically signiﬁcant result, where either the
from the low socioeconomic level, are shown. Thus, most of the results for $35e80,000 inc
shown.
SES FEV
Turning movement counts 0700e1000
(IQR ¼ 2.39)
Income
<$35,000 2.
>$80,000 0.
Education
<High school (HS) 0.
Universityþ 0.
Truck turning movement counts 0700e1800
(IQR ¼ 2.57)
Income
<$35,000 3.
>$80,000 0.
Education
<High school (HS) 0.
Universityþ 0.
Turning movement counts 0700e1800
(IQR ¼ 3.01)
Income
<$35,000 ¡3.
>$80,000 1.
Education
<High school (HS) 0.
Universityþ 0.
*Odds ratios signiﬁcantly different between the high and low socioeconomic levels.
Bolded values indicate statistical signiﬁcance.
a Forced expiratory volume in one second (percent predicted).
b Forced vital capacity (percent predicted).
c Exhaled nitric oxide.Results demonstrating change in lung function by education
level were more varied (Table 5) and did not demonstrate any ORs
of statistical signiﬁcance. The magnitude of the reductions in FEV1
was least in the lowest education level than in the highest in all
trafﬁc exposures excluding turning movement counts between
0700 and 1800 h. Reductions in FVC were greater in the lower
education level than the higher for all trafﬁc exposures. For eNO,
reductions were greater in the lower education level than the
higher for all except turning movement counts between 0700 and
1000 h. The difference between the highest and lowest education
levels was signiﬁcant for FVC and turning movement counts be-
tween 0700 and 1800 h.ounts, by three income levels and three education levels [N¼ 1528 (1058 for eNO)]. .
95th percentile conﬁdence intervals exclude 1 or the ORs are signiﬁcantly different
ome group, and HS/college education groupwithmost of respiratory function are not
1
a FVCb eNOc
43 (5.86, 1)* 2.72 (5.44, 0.01)* 1.19 (4.85, 7.22)
25 (5.57, 5.06)* 0.49 (2.75, 1.78)* 1.63 (6.94, 10.19)
02 (1.75, 1.71) 0.73 (2.61, 1.14) 1.67 (2, 5.34)
66 (2.27, 3.58) 0.14 (1.54, 1.83) 2.3 (3.98, 8.57)
19 (7.64, 1.26) 3.38 (8.21, 1.45)* 0.45 (4.31, 4.8)
24 (2.12, 1.64) 0.84 (5.24, 3.56)* 1.35 (6.75, 9.44)
02 (2.29, 2.24) 1.02 (3.48, 1.43) 2.56 (2.25, 7.38)
56 (2.12, 3.25) 0.49 (4.11, 3.13) 1.72 (4.89, 8.33)
75 (¡5.57, ¡1.92)* ¡3.62 (¡6.85, ¡0.39)* 0.67 (5.1, 6.44)
15 (6.26, 3.95)* 0.98 (5.41, 3.44)* 1.55 (6.77, 9.88)
23 (2.65, 2.18) 1.13 (3.75, 1.49)* 0.35 (4.69, 5.39)
05 (2.08, 1.99) 0.29 (0.99, 1.57)* 1.89 (4.35, 8.14)
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For an IQR change in NO2, FEV1 declined signiﬁcantly in the
lowest income group (Table 6), 1.94% (95% CI: 3.57, 0.3). The
decline in FEV1 for an IQR change in SO2 and NO2 exposure was
signiﬁcantly different between the highest and lowest income
groups. There was also a signiﬁcant difference between the highest
and lowest income groups for eNO for an IQR change in NO2.
By education level, signiﬁcant decreases in lung function were
observed for an IQR change in SO2 in subjects from families with a
less than high school education, where FVC declined 1.27% (95%
CI: 2.53, 0), and eNO declined 1.87% (95% CI: 3.41, 0.34). The
difference between the high and low education levels were also
signiﬁcant for eNO (Table 6).
4. Discussion
Increased trafﬁc density within 200m of the subject's home and
increases in ambient air pollution were both associated with
increased respiratory symptoms. The odds ratios were higher in the
lowest income and education levels for the majority of cases, and in
select instances these increases were statistically signiﬁcant. For
example, associations by income level when testing trafﬁc counts
were not signiﬁcant in any case; however, signiﬁcant associations
were present due to exposure to NO2 for two respiratory outcomes.
Signiﬁcant results by education level were presentwhen testing the
odds of respiratory ailments due to both factors of trafﬁc counts and
direct air pollution exposure, where all three air pollutants resulted
in signiﬁcantly higher odds of chest congestion in households with
parents having less than a high school education.
Although numerous studies have focused on the respiratory
health outcomes in children due to air pollution or trafﬁc exposures
(e.g. Lin et al., 2005; Mazaheri et al., 2014; Vanos, 2014), very few
studies have focused on the modifying effects of socioeconomic
differences on respiratory ailments, speciﬁcally in children. Un-
derstanding the modifying effects of factors based on such differ-
ences aids in understanding many related explanatory ﬁndings and
hypotheses discussed in the literature such as education (CakmakTable 6
The percentage change in respiratory function among 1528 (1058 for eNO) Windsor pub
three income levels and three education levels. . Only respiratory functionwith at least on
exclude 1 or the ORs are signiﬁcantly different from the low socioeconomic level, are show
group with most of respiratory function are not shown.
SES FEV1a
PM2.5 Income
<$35,000 1.34 (3.27, 0.58)
>$80,000 0.77 (1.65, 0.12)
Education
<High school (HS) 0.55 (2.01, 0.92)
Universityþ 0.7 (0.08, 1.48)
SO2 Income
<$35,000 2.34 (5.12, 0.43)*
>$80,000 0.68 (1.52, 0.16)*
Education
<High school (HS) 0.6 (3.29, 2.1)
Universityþ 0.52 (1.29, 0.26)
NO2 Income
<$35,000 ¡1.94 (¡3.57, ¡0.3)*
$35e80,000 0.94 (0.34, 2.21)
>$80,000 0.19 (0.77, 0.39)*
Education
<High school (HS) 0.37 (1.4, 0.67)
Universityþ 0.07 (0.61, 0.47)
*Odds ratios signiﬁcantly different between the high and low socioeconomic levels.
Bolded values indicate statistical signiﬁcance.
a Forced expiratory volume in one second (percent predicted).
b Forced vital capacity (percent predicted).
c Exhaled nitric oxide.et al., 2007), income, social isolation, and gender (Cakmak et al.,
2006; Jerrett et al., 2004). The current study assessed how
parental education and income may maybe effect modiﬁers on the
results of child respiratory health associated with trafﬁc and air
pollution, demonstrating that on average a lower education and
income result in a greater likelihood of respiratory ailments due to
trafﬁc or air pollution exposure. These socioeconomic indicators are
closely related to many of the factors such as diet, smoking, and
both indoor and outdoor air quality (McConnell et al., 2006;
Prescott and Vestbo, 1999), and teasing apart which factors or
pollutants lead to a higher risk poses a difﬁcult challenge in this
area of research (CA Pope and Dockery, 2006).
Associations between the distance fromhigh-trafﬁc roadways to
residential areas and the prevalence of respiratory illness and
symptoms have been found by a number of researchers. McConnell
et al. (2006) found that residing within 75 m of a major road was
associated with increased risk of asthma (OR ¼ 1.29, 95% CI 1.01,
1.86). This higher risk decreased to background rates at
150 me200 m from the road. Dales et al. (2009) investigated
roadway length around neighbourhoods in Windsor, Ontario and
the associationwith children's respiratory health. Each kilometre of
any type of roadway within 200 m of the subject's neighbourhood
was signiﬁcantly associated with wheezing, wheezing and asthma,
and an increase in exhaled nitric oxide (eNO), a measure of airway
inﬂammation in asthma. However, they did not ﬁnd signiﬁcant
reduction in ventilatory lung function assessed by one-second
forced expired volume (FEV1) or forced vital capacity (FVC). In a
study on the same population sample, Dales et al. (2008) derived an
exposure metric based on ambient air pollution and length of
roadways within a 200 m radius using land-use regression
modeling. Results indicated negative but non-signiﬁcant associa-
tions between individual air pollutants and lung function.
Cakmak et al. (2012) studied the same Windsor population and
found that increased trafﬁc counts within a 200 m radius caused
increased respiratory symptoms and statistically signiﬁcant de-
clines in pulmonary function in children. Trafﬁc counts were
associated with statistically signiﬁcant reductions in FVC in chil-
dren, and were more strongly associated with a history of asthma.lic school students 9e11 years old, for an interquartile range change in pollutant, by
e statistically signiﬁcant result, where either the 95th percentile conﬁdence intervals
n. Thus, most of the results for $35e80,000 income group, and HS/college education
FVCb eNOc
0.09 (0.97, 0.8) 0.1 (1.01, 0.81)
0.83 (0.13, 1.78) 0.8 (0.98, 2.58)
0.68 (1.79, 0.42) 0.11 (3.06, 3.28)
0.82 (1.68, 0.04) 0.73 (0.91, 2.37)
0.58 (1.82, 0.67) 1.55 (3.21, 0.12)
0.62 (1.57, 0.33) 0.49 (1.77, 0.79)
¡1.27 (¡2.53, 0) ¡1.87 (¡3.41, ¡0.34)*
0.44 (1.33, 0.44) 0.14 (1.61, 1.89)*
1.13 (2.29, 0.02) 2 (5.68, 1.67)*
0.73 (0.24, 1.69) 0.72 (1.19, 2.63)
0.25 (0.9, 0.4) 0.76 (0.39, .9)*
0.13 (0.92, 0.66) 0.41 (1.71, 2.53)
0.03 (0.64, 0.57) 0.15 (1.35, 1.05)
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used trafﬁc density to assess risk of developing respiratory symp-
toms in children, but did not ﬁnd relationships with ventilatory
lung function measurements such as FVC or FEV1. Comparing the
latter two studies (i.e., Dales et al. (2008) and Cakmak et al. (2012))
reveals that trafﬁc counts may be a better representation of expo-
sure effects to the magnitude of trafﬁc than road density (or trafﬁc
density), yet effect modiﬁcation by socioeconomics were not
addressed. The present study provides further evidence that trafﬁc
counts can effectively represent trafﬁc exposure and that this as-
sociation is signiﬁcant in those with lower education.
Our ﬁndings of a relationship between self-reported respiratory
ailments and PM2.5 is corroborated by Liu et al. (2009) who found
that an average three-day PM2.5 exposure in children of 5.4 mg m3
resulted in a signiﬁcantly decreased forced expiratory ﬂow (FEF)
of 3.0% (95% CI  4.7e1.2). Trafﬁc counts and density can also be
an indicator for noise, stress, and lower socio-economic status.
Socio-economic status is an important risk factor contributing to
children's respiratory illness (Almqvist et al., 2005; Cakmak et al.,
2007; Claudio et al., 2006). Increased susceptibility to air pollu-
tion, and its associationwith lower socioeconomic position, may be
due to less dietary fruits and vegetables, and poorer access or uti-
lisation of medical care (Cakmak et al., 2006; O'Neill et al., 2003;
Sexton et al., 1993). An elevated response to air pollution in peo-
ple with lower socioeconomic status may be mediated via stress-
related pathways (Clougherty and Kubzansky, 2009).
Further studies addressing socioeconomic factors as effect
modiﬁers in children have found that lower socioeconomic posi-
tions result in increased negative health outcomes. Results from
Nishimura et al. (2013) added to evidence showing that trafﬁc-
related pollutants may be causally related to childhood asthma,
where effects of NO2 exposure were highest in Latino and African
American children. Moreover, Burra et al. (2009) found that the risk
ratios of ambulatory physician visits for a low socioeconomic group
in Toronto, Canadawere signiﬁcantly greater than those for those in
a high socioeconomic position when examining SO2 and PM2.5. In
exploring the role of race, ethnicity, and insurance status in modi-
fying the effects of air pollution on children's asthma hospitaliza-
tions in Phoenix, Arizona (US), Grineski et al. (2010) used insurance
status as a proxy for income. They found signiﬁcantly increased risks
of hospital visits for children without insurance (and thus of low
income). Similar results of higher hospitalization due to air pollu-
tion exposure were found for low SES children by Lee et al. (2006).
Additionally, people with lower socioeconomic status may be at
higher risk from air pollution as a result of greater exposure. Low
income and minority communities also tend to live near heavy
trafﬁc areas in many large cities, and are hence disproportionately
exposed to poor air quality (Bell et al., 2005; Carrier et al., 2014;
Crouse et al., 2009; Grineski et al., 2007; Pope, 2014). Issues of
equity are an important focus when analyzing socioeconomic sta-
tus factors as effect modiﬁers. Inequity also poses challenges for
public health: residents of high exposure communities who suffer
adverse health outcomes related to air pollution (e.g., asthma) are
more likely to suffer from long-term deterioration in quality of life.
4.1. Study strengths and limitations
A full model with main effects and an interaction between air
pollution and indicator variables for each of the stratiﬁed income
and education levels-deﬁning lowest income and lowest education
as the reference groups, respectively-provided p-values that
enabled us to test the signiﬁcance of differences between high and
low SES directly. We found signiﬁcant interaction terms between
parental income and education levels and air pollutants and trafﬁc
volume as a result of these tests. However, the interaction termsbetween the factors other than SES and air pollution and trafﬁc
were not signiﬁcant (p > 0.05).
The information gained from spirometry is clinically important,
used to determine the degree of impairment from respiratory dis-
ease, and to diagnose chronic obstructive lung disease and acute
asthma exacerbations. Although the magnitude of changes in
spirometry-derived variables were relatively small, levels of
ambient air pollution, which are associated with changes of this
magnitude, are also associated with a similar percentage increase
in hospitalizations for respiratory disease among certain socio-
demographic subgroups (Cakmak et al., 2011). Confounding of the
observed association between air pollutants and lung function is a
possibility, but it would require a factor that is associated with the
exposure and is also a risk factor for the outcome. Respiratory
health effects were related to the annual averaged air pollution
exposure and were hence more likely to represent chronic effects.
Socioeconomic status itself combines many different elements that
may contribute to differential health responses to air pollution:
nutrition, housing quality, employment, and pollutant exposures at
home, work, or at school, which are not necessarily captured by
family income or education data. We note limitations of the study
related to the study design that may give less conﬁdence in results,
such as the sample size of lung function analysis, the self-reporting
of symptoms, and other potential confounders that we did not
include in the model (e.g., time spent indoors or outdoors, diet) but
may be important. Furthermore, to examine the modifying effects
of education and income we stratify the data into subgroups, each
with about 16e49% of the reported symptoms. Stratiﬁed analysis
reduces the sample size and increases standard errors of estimates
within each sub-analysis, thus, reduces the likelihood of ﬁnding
signiﬁcant effect modiﬁcation. Almost all of the statistically sig-
niﬁcant associations between exposure and respiratory health are
observed in low SES, while no signiﬁcant associations were found
in high SES groups despite having higher prevalence of the respi-
ratory symptoms, thus, having higher power to detect the exposure
effect in high income group. This also conﬁrms that observed effect
modiﬁcations are unlikely due to chance alone. Additionally,
although the ORs observed were in most cases not statistically
signiﬁcant, the high rate of occurrence of this income group dif-
ference also indicates it was not by chance alone, and the risk es-
timatesmay have been attenuated by the small sample size for each
group. Overall, the results corroborate general relationships be-
tween air pollution, trafﬁc exposure and health, but more impor-
tantly, we also show that these relationships are modiﬁed by SES.
4.2. Conclusion
To more fully investigate trafﬁc-related air pollution and its
impact on population health, it is important to understand the
modifying effects of socioeconomic status. Here we investigated
the relationships of respiratory health related to trafﬁc and air
pollution, stratifying by socioeconomic status to study effect
modiﬁcation. Our study suggests that children from lower income
and less well-educated households are at an increased risk of some
respiratory illness and reductions in lung function, both from
increased exposure to trafﬁc and from ambient air pollution. In the
majority of instances, odds ratios were larger for the children of low
income or less educated families, and decreases in lung function
parameters were greater in these groups. Even though the ORs
observed were in most cases not statistically signiﬁcant, the high
occurrence of this difference indicates it was not by chance alone,
and the risk estimates may have been attenuated by the small
sample size for each group. Our results are suggestive of effect
modiﬁcation by socioeconomic status, and highlight social issues of
environmental differences found in many large metropolitan areas.
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